) were constructed by site-directed mutagenesis. The results of enzyme kinetics indicated that removal of these hydrogen bonds increases the free-energy of the transition state (∆∆G T ). We concluded that these hydrogen bonds are more important for catalysis than for binding the substrate, because removal of these bonds mainly affects the k cat but not the K m values. A substrate, SUB1 (succinyl-Ala-Ala-Pro-Phe-p-nitroanilide), was used during enzyme kinetics experiments. In the present study we have also shown the results of FEP (free-energy perturbation) calculations with regard to the binding and catalysis reactions for these mutant subtilisins. The calculated difference in FEP also suggested that these four residues are more important for catalysis than binding of the substrate, and the simulated values compared well with the experimental values from enzyme kinetics. The results of MD (molecular dynamics) simulations further demonstrated that removal of these hydrogen bonds partially releases Asp 32 , His 64 and Asn 155 so that the stability of the transition state decreases. Another substrate, SUB2 (H-D-Val-Leu-Lys-pnitroanilide), was used for FEP calculations and MD simulations.
INTRODUCTION
NK (nattokinase) is a potent fibrinolytic enzyme from Bacillus natto [1] . Functionally similar to plasminogen on the basis of substrate specificity, NK dissolves fibrin directly. In addition, it also enhances the body's production of both plasmin and other clotdissolving agents, including urokinase. In some aspects, NK is actually superior to conventional clot-dissolving drugs [2] , which have many benefits including convenient oral administration, known efficacy, prolonged effects, cost effectiveness and prevention of clot formation. NK has been demonstrated to have pH and temperature stability and so can be found in the gastrointestinal tract [3] .
As a member of the subtilisin family of serine proteases, NK has the same conserved catalytic triad (Asp 32 , His 64 and Ser 221 ) and oxyanion hole (Asn 155 ) [4] . The serine protease subtilisin is an important industrial enzyme, as well as a model for understanding the relationship between enzyme structure and function [5] . Subtilisin has many advantages, such as rapid gene sequencing and cloning, widespread expression, ease of purification and the availability of abundant crystal structures. For these reasons, subtilisin became a model system for protein engineering studies in the 1980s. Twenty years later, mutations in well over 50 % of the 275 amino acids in subtilisin have been reported in the scientific literature. Most subtilisin molecular engineering has involved the catalytic amino acids, substrate-binding regions and investigation of stabilizing mutations [6] . Temperature and pH stability is the property of subtilisin that is most amenable to enhancement, yet perhaps the least well understood.
Wells and Carter [7] have reported on the catalytic mechanism of subtilisin. A large body of literature indicates that these enzymes catalyse reactions by binding the substrate in the transition state more tightly than the reactants or products [8] . Enzymes often accomplish this using weak binding forces such as hydrogen bonds, electrostatic and hydrophobic interactions [9] . Based on the Wells and Carter [7] mechanism, we aimed to determine the relationship between structure and function in NK. In order to investigate the importance of hydrogen bonds in the catalytic triad and oxyanion hole of NK, the four residues Ser 33 , Asp 60 , Ser 62 and Thr 220 were chosen and each mutated into alanine. Both enzyme kinetics and FEP (free-energy perturbation) calculations were used to evaluate the catalytic function of these four residues in NK. MD (molecular dynamics) simulations were used to further investigate how these four residues affected the stability of the transition state of NK.
MATERIALS AND METHODS

Materials
Bacillus subtilis var. natto strain AS 1.107 was purchased from the Institute of Microbiology, Chinese Academy of Sciences (Beijing, China). Escherichia coli BL21(DE3) and the vector pET-28a were from Novagen. Bovine fibrinogen, thrombin and [10, 11] . As shown in Table 1 , oligonucleotide sequences for the wild-type NK were used for PCR. Restriction enzymes BamHI and SacI were used to modify the aprN (MP) gene and pET-28a. The mutant phagemids were verified by dideoxy-mediated sequencing [12, 13] . Subtilisin mutants were cultured at 37
• C in Luria-Bertani medium and purified on a Sephadex G-200 column as described by Zhang et al. [14] .
Assay of enzyme activity and kinetic studies
Quantitative analysis of fibrinolytic activity was conducted by the standard fibrin plate method [15] .
Kinetic parameters were assayed with the substrate SUB1 in 1 ml of 100 mM Tris/HCl (pH 8.60), 4 % (v/v) DMSO at (25 + − 0.2)
• C as described by Carter and Wells [7] . Enzyme concentrations were determined spectrophotometrically at 280 nm. Subtilisin mutants were assayed at concentrations of about 5 nM for the most active mutants and 1 µM for the least active mutants. Initial rates of hydrolysis were measured at substrate concentrations in the range 0.2-5 × K m .
MD simulations and FEP calculations
A refined three-dimensional model of NK was constructed by the method of Zheng et al. [16] [17, 18] . Three simulations of MD were carried out: (i) on the enzyme itself (E), (ii) on the enzyme-substrate noncovalent complex (E-S), and (iii) on the model of the enzymetransition state complex (ETS) for acylation catalysis by the serine protease (Figure 1) . In each case, we began with the For the E-S, we docked SUB2 (substrate 2; H-D-Val-Leu-Lys-p-nitroanilide) with neutral N-and C-terminal residues into the active site of NK and orientated it so that its scissile bond was in position to be attacked by Ser 221 . For the ETS, we used a structure in which His 64 was protonated and the O γ of Ser 221 formed a covalent bond with the carbonyl carbon of the substrate, which was sp 3 hybridized. In all three modelled structures E, E -S and ETS, WATBOX216 waters were added to the system to fill the space within 18 Å (1 Å = 0.1 nm) of the O γ (Ser 221 ) in the XLEaP module of AMBER7 [2] . The system energy was minimized with a harmonic constraint of 100 kJ/mol per Å 2 for 5000 steps, including 2500 steps of steepest descent, followed by 2500 steps of conjugated gradient. After that, the system was equilibrated using MD at constant temperature (300 K) and pressure with SHAKE [19] for 50 ps. A constraint of 5 kJ/mol per Å 2 was used. Next, the free-energy calculations were initiated and continued for 100 ps. In all of the theoretical simulations, an 8 Å nonbonded cutoff was used. A PARM99 force field was used for the enzyme and a GAFF force field was used for the ligand.
The free-energy simulations using the GIBBS module of the AMBER program were carried out on these systems using the method of dynamically modified windows [20] . The freeenergies for the forward (λ = 1 → 0) direction were obtained in each system. In all calculations, a duration of 40 ps was used for this simulation with timed steps of 0.002 fs. The nonbonded cutoff was 15 Å.
RESULTS AND DISCUSSION
Mutant design and preparation
Based on the three-dimensional structure of NK [16] , the hydrogen bonds in the active centre of NK are discussed below. As shown in Table 2 , there are 16 important hydrogen bonds interacting with the catalytic triad (Asp 32 , His 64 and Ser 221 ) and the oxyanion hole (Asn 155 ). Four hydrogen bonds, including hydrogen bond-1, hydrogen bond-4, hydrogen bond-13 and hydrogen bond-14, are formed between the HN atom and the O atom, which are both backbone atoms. Since these four hydrogen bonds are not altered by the site-directed mutagenesis of the catalytic residues, we have disregarded these four hydrogen bonds. The other 12 hydrogen bonds are more important because they are formed not only between backbone atoms and residue atoms but also between residue atoms. It is evident that the mutation of any of these residues will disrupt the hydrogen bonds.
We further determined that four residues have an important function for the stability of the NK active site. These four residues are Ser 33 , Asp 60 , Ser 62 and Thr 220 . As shown in Figure 2 , the loop were constructed and used for kinetic analysis. In the present study, alanine was used to minimize structural disruption and alternative hydrogen-bonding effects from site-directed mutagenesis. Kinetic analysis was carried out according to the method of Carter and Wells [7] . As shown in Table 3 , removal of each of these four residues resulted in a greater reduction (< 3-14-fold) in the k cat value, and a smaller increase (< 3-fold) in the K m . The effects of this removal on catalytic efficiency were also quantified in terms of the incremental freeenergy of transition state stabilization of the mutants compared with the wild-type enyzme. The values are given in Table 3 . The ∆∆G T values of the four mutants are all above 0. Therefore we concluded that the hydrogen bonds formed by the residues Ser 33 , Asp 60 , Ser 62 and Thr 220 function predominantly in the catalytic step to stabilize the catalytic triad and the oxyanion hole.
By comparison of the NK and subtilisin BPN sequences we found the same specificity at the P1 position in NK as in subtilisin BPN . They both possess the same Gly 166 at the S1 subsite which is more sensitive to binding phenylalanine than binding lysine or arginine at the P1 position [23] . Moreover, Fujita et al. [24] have proved that SUB1 is more suitable for enzyme kinetics analysis of NK than is SUB2. As a result SUB1 was chosen for enzyme kinetics analysis. However, SUB1 does not display a similar clotdissolving property with NK [1] . In order to accurately display the mechanism of action of NK, SUB2 was chosen for FEP calculations and MD simulations. Table 3 , the mutants 
MD simulations
Based on the catalytic mechanism of subtilisin [7] , the MD simulations focused on the structural alternations in the catalytic triad and the oxyanion hole of NK. [25] . Therefore it was clear that these two hydrogen bonds are strong and stable enough to exist in all three states and in the binding and catalytic steps.
In the crystal structures of subtilisins without inhibitors, the Ser 221 residues can move freely. and Wells [7] . Therefore the Michaelis complex structure that was modelled, which has a starting distance of 4.0 Å for Ne2(His 64 )-HO γ (Ser 221 ), was chosen as our initial co-ordinate. As shown in Figure 4 , the 100 ps of MD simulation also supports the inductive interaction of substrates. Figure 3(A) . The removal of these two hydrogen bonds directly results in decreasing catalytic efficiency of NK, which has been demonstrated by enzyme kinemics and FEP calculation as shown in Table 3 both greater than the interaction distance. Therefore we concluded that the removal of hydrogen bond-3 and hydrogen bond- Threonine has the same function as serine at position 33. Comparing the sequence identity of the subtilisin family, we found that residue 33 is a conserved serine or threonine residue. Moreover, Thr 33 can form the same hydrogen bonds as Ser 33 , which are revealed in the crystal structure of subtilisin Carlsberg and subtilisin Savinase. 
Effects of the Asp 60 hydrogen bonds on catalytic efficiency of NK
Substituting Ala 60 for Asp 60 breaks five hydrogen bonds (hydrogen bond-3, -6, -7, -11 and -13) formed by the carboxyl group of Asp 60 as shown in Figure 3( the MD results during the first 50 ps are in accordance with the results of the FEP calculations shown in Table 3 . However, after 50 ps, the alkalinity of the imidazole of His 64 is rapidly increased in the interaction with the released Asp 32 , which strengthens the interaction between Ne2(His 64 ) and HO γ (Ser 221 ). At the same time, with the help of the substrate's inductive interaction, Ne2(His 64 ) attracts the hydroxyl group of Ser 221 to move away from the correct position for nucleophilic attack. As shown in Figure 6 , the Ne2(His 64 )-HO γ (Ser 221 ) distance decreases to 2.0 Å, and the O γ (Ser 221 )-C(Lys 278 ) distance rapidly increases to 5.5 Å. As shown, the catalytic activity rapidly decreases after a 50 ps MD simulation. Braxton and Wells [21] have demonstrated that the stabilizing effects of Thr 220 are mediated either via a short-range charedipolar interaction or by dynamic fluctuations in the protein structure, which permits direct hydrogen bonding with oxyanion. The results calculated by Mizushima et al. [22] further demonstrated that -OH(Thr 220 ) is important for catalysis but not to as great an extent as a hydrogen-bonding group, such as Asn 155 , positioned directly in the oxyanion hole.
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